We have recently shown that IgG1 directed against antigens thought to be involved in the pathogenesis of rheumatoid arthritis harbor different glycan moieties on their Fc-tail, as compared to total sera IgG1. Given the crucial roles of Fc-linked N-glycans for the structure and biological activity of IgG, Fc-glycosylation of antibodies is receiving considerable interest. However, so far little is known about the signals and factors that could influence the composition of these carbohydrate structures on secreted IgG produced by B lymphocytes. Here we show that both "environmental" factors, such as all-trans retinoic acid (a natural metabolite of vitamin A), as well as factors stimulating the innate immune system (i.e., CpG oligodeoxynucleotide, a ligand for toll-like receptor 9) or coming from the adaptive immune system (i.e., interleukin-21, a T-cell derived cytokine) can modulate IgG1 Fc-glycosylation. These factors affect Fc-glycan profiles in different ways. CpG oligodeoxynucleotide and interleukin-21 increase Fc-linked galactosylation and reduce bisecting N-acetylglucosamine levels, while all-trans retinoic acid significantly decreases galactosylation and sialylation levels. Moreover, these effects appeared to be stable and specific for secreted IgG1 as no parallel changes of the corresponding glycans in the cellular glycan pool were observed. Interestingly, several other cytokines and molecules known to affect B-cell biology and antibody production did not have an impact on IgG1 Fc-coupled glycan profiles. Together, these data indicate that different stimuli received by B cells during their activation and differentiation can modulate the Fc-linked glycosylation of secreted IgG1 without affecting the general cellular glycosylation machinery. Our study, therefore, furthers our understanding of the regulation of IgG1 glycosylation at the cellular level.
Introduction
Antibodies play an important role in the host defense against pathogenic microorganisms, while those directed against self-antigens (i.e., auto antibodies) can mediate unwanted immune responses leading to the destruction of tissues/organs. While the specificity of antibodies is determined by the variable region, antibody-mediated effector functions are crucially dependent on the interaction of its constant region (Fc part) with the complement system as well as with Fc receptors (FcR). The latter receptors are expressed on a variety of innate immune cells including mast cells, NK cells and neutrophils (1) . It has been well established that the Fc-mediated effects of antibodies such as complement activation and antibody-dependent cellular cytotoxicity (ADCC) are influenced not only by the antibody isotype (IgM & IgG etc) and subclass (IgG 1-4 etc), which is determined by the amino acid sequence of the constant region, but also by Fc-linked carbohydrate structures (2) .
Human IgG antibodies share a conserved N-glycosylation site within the CH2 domain of their Fc moieties, where the sugar side chain is attached to the asparagine 297 (Asn297) residue (2, 3) . The Asn297-linked carbohydrate chain consists of a common biantennary glycan structure of 4 N-acetylglucosamine (GlcNAc) and 3 mannose residues, with variable additions of fucose, galactose, sialic acid and/or bisecting GlcNAc residues (2) (3) (4) . Depending on the presence/absence of galactose on one or both arms of the glycan moiety, three highly prevalent, core-fucosylated glycoforms, called G0F (no galactose), G1F (one galactose) and G2F (two galactoses), have been defined. Lack of galactose residues results in a concomitant absence of terminal sialic acid from the core polysaccharide chain (2) (3) (4) .
It has been shown that these Asn-linked carbohydrate structures, interposed between the heavy chains, are crucial for the structure and biological activity of IgG (2, 5, 6) . Whereas agalactosylated IgGs show an increased inflammatory activity (7) (8) (9) , IgGs with glycans containing terminal sialic acid display an anti-inflammatory activity in mouse models for autoimmune diseases (10, 11) . For example, several studies demonstrated that the potent anti-inflammatory activity of intravenous gamma globulin (IVIG) is a direct result of Fc sialylation (10, 11) . In addition, IgG1 lacking the branching fucose or with an additional bisecting GlcNAc shows an enhanced ADCC through increased interaction with Fc receptors (12) (13) (14) (15) (16) . Moreover, removal of the sugar moiety by glycosidase-mediated hydrolysis or mutational deletion of the attaching site Asn297 changes the structure of the Fc part, resulting in a non-immunogenic antibody that is unable to interact with Fc receptors and to trigger significant cytokine release (5, 17, 18) .
Given the functional relevance of these glycan moieties described above, it is not surprising that changes in IgG glycosylation have been shown to be associated with various physiological and pathological conditions. For example, decreased galactosylation of serum IgG was observed in patients with autoimmune diseases and tumors, and the level of IgG-G0 correlated with disease activity in rheumatoid arthritis (RA) patients (2, 4, 7, 8, (19) (20) (21) (22) (23) (24) . Moreover, we recently showed that antibodies thought to be involved in RApathogenesis exhibit a different glycan moiety than that of irrelevant IgG present in the same sera of diseased individuals (25) (26) (27) . In addition, autoreactive IgG in synovial fluid of RA patients displays further decreased galactosylation and sialylation levels as compared to the serum counterpart. This difference is specific for these autoantibodies as no difference was observed in total IgG (26) . Collectively, these findings not only underline the significance of Fc-coupled glycan structures for antibody-mediated immune responses, but also indicate that glycosylation profiles of IgG are tightly regulated by physiological and pathological determinants in an antigen-specific manner. In line with the latter notion, active immunization reduces sialylation of IgG in mice, thereby switching the steady-state serum IgG from an anti-inflammatory to a pro-inflammatory phenotype with the capacity to elicit an effective inflammatory response. This effect is most prominent for IgG targeting the antigen used for immunization (11) .
However, because studies on the modification of IgG Fc-glycan profiles have mainly focused on the enzyme-mediated treatment of purified IgG (2, 10, 11, 17, 28) and/or the genetical engineering of enzyme expression levels in antibody producing cell lines (12, 16, 29) , so far little is known on the factors that could drive the composition of Fc-coupled carbohydrate structures of (secreted) IgG during the activation and differentiation of B lymphocytes. For the activation of naive B cells, signals delivered through B-cell receptors (BCR) are required, and in case of T cell-dependent antigens, additional signals provided by antigen-specific CD4 + T helper cells (Th) through CD40-CD40L interaction are indispensable as well. Additionally, cytokines produced by Th cells and other soluble factors in the microenvironment of B cells largely determine the subsequent differentiation of B cells into antibody-secreting cells (ASCs) as well as the type and amount of antibodies they produce (30) (31) (32) (33) . In the present study, we investigated whether such microenvironmental factors present during the activation and differentiation of B cells towards ASCs could influence the carbohydrate structures in the Fc domain of secreted IgG1. Likewise, we determined the nature of the glycan changes induced and analyzed whether such changes were present in all protein pools expressed by B cells or could mainly be found on IgG1.
Materials and methods
Culture medium. Cells were cultured in serum-free medium consisting of X-VIVO 15 (Lonza) supplemented with 100 U/mL penicillin, 100 g/mL streptomycin (Cambrex), and 2 mM GlutaMAX (Invitrogen).
Isolation of human B cells.
Human peripheral blood was obtained from healthy blood bank donors after informed consent in accordance with procedures approved by the local human ethics committee. Peripheral blood mononuclear cells (PBMCs) were prepared by centrifugation over Ficoll-Hypaque gradients. CD19 + B cells were purified by positive selection with the Dynabeads CD19 Pan B and then detached by DETACHaBEAD CD19 (Invitrogen). Preparations typically resulted in > 98% CD19 + CD20 + B cells as determined by flow cytometry analysis ( Figure 1B , top left panel).
Flow cytometric analysis. Single-cell suspensions were prepared and surface molecules were stained for 30 minutes at 4 C with optimal dilutions of antibodies against CD19, CD20, CD27 and CD38 (all from BD Biosciences). Expression of these cell surface markers were assessed on a FACSCalibur flow cytometer and data were analyzed using CellQuest Pro software (BD Biosciences).
Culture of human B cells in vitro.
Purified CD19 + B cells were suspended in medium at 8 x 10 5 cells/mL and 50 L cell suspensions per well were plated at flat-bottom 96-well plates. Cells were incubated in a total volume of 200 L/well with a combination of stimuli, comprising BCR-triggering, CD40 stimulation, human interleukin (IL)-2 (50 U/mL), IL-10 (25 ng/mL) and other reagents. BCR was crosslinked by 5 g/mL F(ab') 2 goat anti-human IgM (Jackson ImmunoResearch Laboratories), and CD40-mediated stimulation was provided by a pre-adhered monolayer of mouse fibroblasts stably transfected with human CD40 ligand (CD40L) (34, 35) . After lethal irradiation with 7500 rad, CD40L-transfected cells were plated at 3000 cells/well in 50 L. CpG oligodeoxynucleotide (CpG, 2.5 g/mL), all-trans retinoic aicd (ATRA, Sigma) and cytokines, including IL-4/6/17/21, tumor necrosis factor (TNF)-, transforming growth factor- (TGF-, interferon- (IFN- & lymphotoxin- (LT-), were also added to some cultures when indicated. All stimuli and cytokines were added at the initiation of the culture. Cytokines were obtained from Peprotech unless indicated otherwise. ATRA was first dissolved in DMSO at 10 mM and further diluted in medium as previously reported (36) . No effect of DMSO on the glycoforms of IgG1 was observed (data not shown). After 7-9 days of incubation, cell culture supernatants were collected and used for the IgG1 glycosylation analysis. In addition, in 3 donors the cells were harvested, washed, and stored at -20°C until they were used for cellular N-glycosylation analysis.
Measurement of IgG by ELISA. Levels of total IgG in supernatants collected after 7-9 days culture were measured by ELISA.
Purification of IgG by Protein A beads.
Protein A-Sepharose beads (GE Healthcare, Eindhoven, The Netherlands) were washed three times with 10 volumes of PBS. 15 L of beads were incubated with 150 L of culture supernatants (collected after 7-9 days of culture) in a 96-well filter plate (Multiscreen Solvinert, 0.45 µm pore-size low-binding hydrophilic PTFE; Millipore, Billerica, MA) on a shaker for 1 hour. Beads were thoroughly washed 5 times with 200 L of PBS and then twice with 200 L of water under vacuum (pressure reduction to approximately 900 mbar). IgG-molecules (IgG 1 , IgG 2 and IgG 4 ) were eluted into a 96-well V-bottom plate using 100 L formic acid (100 mM). Samples were dried by vacuum centrifugation.
IgG digestion with trypsin. A 20 g aliquot of trypsin (sequencing grade; Promega, Leiden, The Netherlands) was dissolved in 4 mL of 25 mM ammonium bicarbonate. Within 1 min after preparation, 40 L of this mixture was added per well to the dried purified antibodies. Samples were shaken (1 min), incubated overnight at 37°C, and stored at -20°C until usage.
Nano-LC-ESI-ion trap-MS. Prior to analysis, microtitration plates containing tryptic digests of IgG were subjected to centrifugation (10 min at 3000 g). 0.2 L aliquots of trypsinized Protein A eluates (corresponding to IgG1, IgG2, and IgG4 from 10 nL of serum) and 2 L aliquots of trypsinized samples obtained from culture supernatants were applied to a reverse-phase column (C 18 PepMap 100Å, 3 m, 75 m x 150 mm; Dionex/LC Packings, Amsterdam, the Netherlands) using an Ultimate 3000 nano-LC system (Dionex). The column was equilibrated at room temperature with eluent A (0.1% formic acid in water and 0.4% acetonitrile (ACN)) at a flow rate of 150 nL/min. After injection of the samples, a gradient was applied to 25% eluent B (95% ACN, 5% water containing 0.1% formic acid) in 15 min and 70% eluent B at 25 min followed by an isocratic elution with 70% eluent B for 5 min. The eluate was monitored by UV absorption at 215 nm.
The LC system was coupled via an online nanospray source to an Esquire HCT ultra ESI-IT-MS (Bruker Daltonics, Bremen, Germany) equipped with an electron transfer dissociation module (PTM Discovery System TM ) and was operated in the positive ion mode. For electrospray (1100-1250 V), capillaries (360 m OD, 20 m ID with 10 m opening) from New Objective (Cambridge, MA, USA) were used. The solvent was evaporated at 165 °C employing a nitrogen stream of 7 L/min. Ions from m/z 600 to m/z 1800 were monitored. For glycosylation profiling, the mass spectrometer was used in the MS mode. The HPLC method resulted in a separation of the glycopeptides based on the peptide moiety with IgG1 glycopeptides eluting first, followed by IgG4 and IgG2 glycopeptides. Moreover, glycopeptides with neutral glycan moieties tended to elute earlier than glycopeptides with antennae sialylation, as described before (37) . For both the neutral and the acidic glycopeptides of each IgG subclass, average mass spectra were generated over a 1 min elution range as described previously (27, 37) . Peak heights for 10 unambiguously assigned IgG1 Fc N-glycopeptides (triple protonated species; Table 1) were annotated in DataAnalysis 4.0 (Bruker Daltonics) followed by background subtraction and normalization to the overall intensity of these glycoforms.
N-Glycan release. Cell pellets were suspended in 20 L (1 volume) of PBS (pH 7.2). Two volumes of 2% SDS (40 L) were added followed by incubation on a shaker for 10 min. Subsequently, the samples were incubated for 7 min at 90C and then cooled down to room temperature. For N-glycan release 2 volumes of NP-40/PBS/PNGase F (1 volume 4% NP-40 mixed with 1 volume 5 x PBS containing 0.05 U PNGase F per L; Roche Diagnostics, Mannheim, Germany) followed by overnight incubation at 37C. Glycan labeling. The N-glycans released by PNGase F treatment were labeled with 2aminobenzoic acid (2-AA) by reductive amination (12) . In short, the labeling mixture was prepared by dissolving 2-AA in a mixture of 15% glacial acetic acid/DMSO to a final concentration of 48 mg/mL. The reducing agent, 2-picolin borane, was dissolved in DMSO to a final concentration of 107 mg/mL. One volume of sample after N-glycan release (100 L) was mixed with 0.5 volume of 2-AA mixture (50 L) and 0.5 volume reducing agent (50 L) for 10 min on a shaker followed by a 2 h incubation at 65°C.
The labeled glycans were purified by graphitized carbon solid-phase extraction (SPE) (Carbograph-cartridges; Alltech, Breda, The Netherlands). Cartridges were prewashed with 5 mL of ACN 0.1% TFA, 5 mL of H 2 O /ACN (50/50) 0.1% TFA, and finally equilibrated with 10 mL of H 2 O. The N-glycan samples after 2-AA labeling were diluted in 3 mL H 2 O and applied to the SPE cartridges, followed by a wash with 10 mL of H 2 O. Subsequently, 2-AA-labeled N-glycans were eluted with 3 mL of H 2 O/ACN (50/50) 0.1% TFA. ACN was removed by vacuum centrifugation, and the samples were freezedried and redissolved in 30 L of H 2 O for further analysis by MALDI-TOF-MS and HPLC with fluorescence detection.
HPLC profiling. 2-AA-labeled glycans were profiled by hydrophilic interaction liquid chromatography (HILIC)-HPLC (TSK amide 80, 3 m, 150 mm x 4.6 mm inner diameter column; Tosoh Bioscience, Stuttgart, Germany) at a 1 mL/min flow rate with fluorescence detection (360 nm / 420 nm). A binary gradient was applied using 80% ACN, 20% 50 mM ammonium formate pH 4.4 (solvent A), and 50 mM ammonium formiate pH 4.4 (solvent B) from 3% solvent B (0 min) to 43% solvent B (50 min). For injection N-glycan samples (1 L) were brought to 77% ACN by addition of 3.6 L H 2 O and 15.4 L of ACN.
MALDI-TOF-MS.
Prior to mass spectrometric analysis 2-AA-labeled N-glycan samples after graphitized carbon SPE were purified by HILIC micro-SPE (manuscript in preparation), and spotted onto a stainless steel MALDI target plate (Bruker Daltonics, Bremen, Germany). Subsequently 1.3 L of 10 mg/mL 2,5-dihydroxybenzoic acid in H 2 O/ACN (50/50) 0.1% TFA was applied on top of each sample and allowed to dry at room temperature. MALDI-TOF-MS was performed on an UltrafleXtreme TM mass spectrometer (Bruker Daltonics). The instrument was externally calibrated using the Bruker peptides calibration kit. Spectra were acquired in the negative-ion reflector mode over the m/z range from 700 to 5000 for a total of 5000 shots.
Statistical analysis. The level of galactosylation was calculated on the basis of the normalized intensities for the various IgG1 Fc N-glycoforms (Table 1) according to the formula (G1F + G1FN + G1FS + G1FNS) x 0.5 + G2F + G2FN + G2FS + G2FNS. In this formula all the monogalactosylated glycans are weighed with 0.5 (reflecting 50% occupation of their potential galactosylation sites), whilst digalactosylated glycans are fully counted (100% occupation of their galactosylation sites. The prevalence of IgG1 sialylation was determined by summation of all sialylated IgG1 Fc N-glycopeptide species (G1FS, G2FS, G1FNS and G2FNS). The level of bisecting N-GlcNAc was evaluated by summation of all bisected IgG1 Fc N-glycopeptide species (G0FN, G1FN, G2FN, G1FNS, and G2FNS). The nonparametric Mann-Whitney paired test was used to compare the difference among different groups by using GraphPad Prism 5.00 software (GraphPad, San Diego, CA), and values at P < 0.05 were considered significant.
Results

Differentiation of B cells into ASCs in vitro
At least three signals are important for T-cell dependent antibody production by naive B cells ( Figure 1A ). By and large, the activation of B cells is initiated by cross-linking of the BCR through antigen (signal 1), which is subsequently further stimulated and modulated through CD40-triggering (signal 2) and cytokine-signaling (signal 3) mediated by Th cells. Together, these signals play a pivotal role in the activation, proliferation and differentiation of B cells into ASCs upon exposure to T-cell dependent antigens (30) (31) (32) (33) . Thus, in order to study the factors influencing the glycan pattern of antibodies produced by B cells, we first set up an in vitro culture system containing these three signals to activate and differentiate human B cells towards ASCs.
To this end, purified human CD19 + CD20 + B cells ( Figure 1B) were cultured with anti-IgM to crosslink BCR (signal 1) and a pre-adhered monolayer of cells stably expressing human CD40L (signal 2). Because IL-2 and IL-10 have been reported to potently enhance the growth and differentiation of human B cells, they were also included in some cultures to provide the third signal (31) (32) (33) . Differentiation of B cells was determined by flow cytometry for the percentage of CD27 high CD38 high ASCs and by ELISA for the titers of secreted IgG in the culture supernatant (30) .
As shown in Figure 1B & C, addition of IL-2 and IL-10 greatly increased anti-IgM and CD40L-induced antibody production from purified human B cells, as evidenced by both the percentages of ASCs (25.1% vs. 0.25%) and IgG levels in culture supernatants (2.2 ± 0.62 vs. 0.067 ± 0.011 g/mL). Therefore, these three signals (anti-IgM + CD40L + IL-2/10) were used as the basic culture condition (referred as M condition) in all the following experiments.
Glycosylation profiles of secreted IgG1 among different B-cell cultures
A number of cytokines, vitamins and microbial products have previously been reported to modulate the biological functions of B cells. Moreover, it has been recently recognized that Toll-like receptor (TLR)-triggering is crucial for the proper activation of some B cells (38) . In a preliminary analysis, we therefore intended to assess the effect of a selection of different factors, belonging to different "families" of molecules known to influence B-cell activation and antibody production, on the Fc-glycosylation profile of IgG1 produced by in vitro stimulated B cells (30, 35, (39) (40) (41) (42) (43) (44) (45) (46) (47) . These factors include "environment" derivatives such as ATRA (a natural metabolite of vitamin A), innate immune triggers (TLR-9 ligands, CpG), as well as T-cell derived and/or inflammatory cytokines (IL-4/6/17/21, IFN-, TNF-, LT- & TGF-). Therefore, the above-mentioned substances were added during the activation and differentiation of B cells as described in Figure 1 . After 7-9 days of culture, IgG1 in culture supernatants was purified by Protein A beads and digested with trypsin. Subsequently, Fc N-glycosylation profiles were determined by LC-MS analysis of the tryptic glycopeptides using an established approach which is suitable for detecting differences in IgG glycosylation (37) . As described previously, IgG1 Fc N-glycopeptides carrying neutral N-glycans eluted early in the chromatogram, whilst sialylated IgG1 Fc glycopeptides showed slightly more retention (37) . Sum mass spectra of both nonsialylated (neutral) and sialylated glycopeptides of IgG1 were obtained for all samples, and relative intensities of the various glycoforms were determined.
An example of the mass spectrometric data obtained for B cells from one donor under three different culture conditions is given in Figure 2 . Under control conditions (Figure 2A) , the IgG1 showed a high degree of galactosylation (e.g. high G2F at m/z 986.8) and sialylation (high G2FS at m/z 1083.8; see Table 1 for assignment). All the observed glycoforms appeared to be decorated with a core fucose. Moreover, the incidence of bisected species was rather high (e.g. signals at m/z 1000.5 and 1054.5). Addition of IL-21 resulted in a similar glycosylation profile ( Figure 2B ). Notably, in the sample with IL-21 the G2F signal (m/z 986.8) was found to be more intense than the G1F signal (m/z 932.8; Figure 2B ), while in the control condition (M) this was the other way around (Figure 2A ), indicating some minor changes in IgG1 Fc galactosylation. Addition of ATRA, in contrast, resulted in the reduction of galactosylation, as evidenced by an increase in the agalactosylated glycoform G0F (m/z 878.8; Figure 2C ). These results indicate that external factors, such as ATRA, could have a strong impact on the glycosylation profile of antibodies produced by B cells. Next, the incidence of IgG1 Fc-linked galactose residues in cultures with or without the above-mentioned set of 10 different mediators (CpG, ATRA TNF-, LT-, IFN-, TGF-, IL-4, IL-6, IL-17, and IL-21) was quantified. As shown in Figure 3 , higher frequencies of IgG1 Fc-coupled galactose residues were observed consistently in B cell cultures with CpG, IFN- and IL-21, while addition of ATRA significantly reduced IgG1 Fc-linked galactosylation levels. No significant effect was observed in cultures containing IL-4, IL-6, TGF-, TNF-, LT- and IL-17 ( Figure 3 ). Together, these data indicate that microenvironmental factors present during the activation and differentiation of B cells could modulate the galactosylation of antibodies they produce.
Because CpG, IL-21 and ATRA represent triggers from microbial products, T-cell derived cytokines and food metabolites, respectively, we decided to perform a second set of experiments to confirm their effect on IgG1 galactosylation in an additional set of subjects. Moreover, we investigated their effect on other Fc-linked glycan moieties, such as sialylation and the incidence of bisecting GlcNAc. For reasons of clarity, we only describe the results obtained for IL-21 and ATRA in more detail, whereas the data obtained for CpG are summarized in Supplementary Figure 1 . In keeping with the results presented in Figures 2 & 3 , consistently increased/decreased galactosylation levels of IgG1 were observed in B-cell cultures with IL-21/ATRA in all donors tested ( Figure 4A) . Accordingly, the abundance of the core-fucosylated IgG1 Fc glycopeptide lacking galactose (G0F) was reduced significantly by IL-21, while an opposite pattern was obtained by ATRA ( Figure 4B ). For IgG1 purified from cultures with IL-21, M and ATRA, the degrees of galactosylation were 0.85 ± 0.018, 0.74 ± 0.024 & 0.47 ± 0.033, and the incidence of G0F was 0.011 ± 0.0012, 0.037 ± 0.0067 & 0.22 ± 0.020, respectively (mean ± SEM, n=9). Given the reported role of terminal sialic acid residues on the effector function of antibodies (10, 11, 48) , we subsequently determined the frequency of sialic acid residues in the Fc portion of IgG1. A representative mass spectra picture for the glycoforms containing sialic acid residues was shown in the right panels of Figure 2 . As shown in Figure 4C , sialylation levels of IgG1 in cultures with IL-21 were significantly increased. Similar to the effect on galactosylation, addition of ATRA in the culture significantly reduced the percentage of IgG1 Fc-glycans decorated with a sialic acid residue ( Figure 4C ). The average sialylation levels of IgG1 were 0.35 ± 0.021, 0.27 ± 0.022 & 0.14 ± 0.018 for cultures with IL-21, M & ATRA, respectively (mean ± SEM, n=9). Because terminal sialic acid is attached to galactose and, therefore, the absence of galactoses will result in the concurrent absence of former residue, it is possible that the observed effect of IL-21 and ATRA on sialylation was simply due to the increased/decreased galactosylation levels. In order to ascertain the specific effect of IL-21 and ATRA on sialylation, we compared the percentage of galactose residues that contain terminal sialic acid. As shown in Figure 4D , addition of ATRA significantly decreased the percentage of sialylated galactose residues in 8 out of 9 donors tested (36.0 ± 2.28% vs. 28.27 ± 2.47% in cultures with M & ATRA, respectively). In contrast, IL-21 slightly increased the frequency of galactoses bearing terminal sialic acid in 8 out of 9 donors (40.86 ± 2.02% vs. 36.0 ± 2.28% in cultures with IL-21 & M, respectively, P = 0.078). Collectively, these data indicate that the changes on sialylation levels of IgG1, induced by IL-21 & ATRA as depicted in Figure 4C , cannot be solely attributed to the increased/decreased number of galactose residues ( Figure 4C & D) .
We next wished to study the potential effects of these reagents on the presence of the bisecting GlcNAc on complex Fc N-glycans as it has been shown that expression of this sugar moiety is associated with enhanced ADCC activity (12, 16) . As shown in Figure  5 , the percentage of IgG1 purified from cultures with IL-21 with an additional bisecting GlcNAc decreased significantly, while no effect was observed with ATRA (0.26 ± 0.014, 0.31 ± 0.021 & 0.31 ± 0.014 for cultures with IL-21, M & ATRA, respectively). The decrease of bisecting GlcNAc is reflected in the exemplifying mass spectra shown in Figure 2 (signal at m/z 1000.5 is higher for M than for IL-21).
In summary, our data show that several, but not all, factors present in the microenvironment during the activation and differentiation of B cells can influence the glycan patterns of secreted IgG1 (Figures 1-5 ). IL-21 increases the levels of both galactosylation and sialylation. In contrast, IgG1 produced by B cells cultured with ATRA displays a significantly reduced incidence of Fc-linked galactose residues as well as a decreased frequency of sialylation. Moreover, IL-21 reduces the incidence of IgG1 bearing bisecting GlcNAc, whereas no effect of ATRA was observed. The effect of CpG on the Fclinked glycan pattern of IgG1 is similar to that of IL-21 ( Supplementary Figure 1) .
Glycosylation profiles of proteins isolated from cell pellets
To investigate whether the observed changes in glycan moieties among different culture conditions were specific for secreted IgG1 or were similarly affecting the complex mixture of cellular glycoproteins, we extracted proteins from the cell pellets and released Nglycans by PNGase F treatment. Glycans were labeled with 2-AA and analyzed by MALDI-TOF-MS and HPLC with fluorescence detection. Since irradiated mouse fibroblasts stably expressing human CD40L were used to activate and differentiate B cells, they were also included in the analyses to control for a potential contribution of these cells to the total protein-pool isolated. HPLC profiles revealed that the CD40L control sample contained only very limited amounts of N-glycans compared to other samples with B cells (Supplementary Figure 2) . However, when we prolonged the collection time we managed to obtain sufficient materials from the CD40L control samples for the subsequent glycan analysis. Mass spectrometric analysis of the N-glycan pools demonstrated that although oligomannosidic N-glycans were present in both B-cell samples and CD40L control cells (Supplementary Figure 3A) , a group of complex-type glycans of composition H5-9N5-8F1S1 in the mass range m/z 2400 to 3800 was only found in samples with B cells, but not in the control sample with CD40L cells only (Supplementary Figure 3B) . The major species of these complex-type glycans showed compositions of H5N4F1S1, H5N5F1S1, H6N5F1S1, H6N6F1S1, H7N6F1S1 and H7N7F1S1 which are interpreted as sialylated, fucosylated di-, tri-and tetraantennary structures that may carry a bisecting GlcNAc (Supplementary Figure 3A & B) . Notably the B-cell specific complex-type N-glycans were characterized by a very high degree of core-fucosylation, which is in line with the complete core-fucosylation of the IgG1 Fc-glycopeptides (Table 1) . While MALDI-TOF-MS is a very suitable method for N-glycan profiling, it is well-known that even structurally related N-glycans may show markedly different response factors (49) . Because response factors were not taken into account in this study, the stated relative intensities therefore merely reflect the ratios of mass spectrometric signals, but do not correspond to molar ratios of glycans. Figure  1 in the absence (M) / presence of IL-21 or ATRA as indicated. After 7-9 days, the incidence of IgG1 in culture supernatants with bisecting GlcNAc was quantified. Each dot represents an independent experiment with B cells isolated from different healthy individuals. The missing values indicate that corresponding conditions were not tested in these donors. ** P < 0.01; n.s, not significant.
Notably, the type of glycans which were identical in composition to those found on IgG1 Fc-portions (Table 1) Figure 3C ). In addition, in the range m/z 1500 to 2000 glycans of composition H3N4F1, H3N3F1S1, and H4N3F1S1 and presumably sulfated versions thereof were selectively detected in the B-cell samples but not in the CD40L cells. Based on these data, we conclude that the glycoforms depicted in Table 1 are derived from B cell proteins, and the presence of CD40L cells, therefore, does not interfere with the subsequent analysis. Next, the glycan profiles of secreted IgG1 and cellular proteins, purified from different culture conditions, were compared side-by-side. Only those glycan signals which were found to be shared between IgG1 and the cellular proteins were considered in this comparison, whilst all glycoforms absent on the IgG1 Fc portions and only present on cellular proteins were excluded. In accordance with the abovementioned observations, IgG1 Fc glycosylation profiles, which comprised 10 corefucosylated, partially truncated, biantennary glycans that may carry sialic acid and bisecting GlcNAc, were modulated by the addition of ATRA and IL-21 ( Figure 6A) . In contrast, the same set of glycans released from cell homogenates showed a very different profile and did not show the above-mentioned responsiveness to ATRA and IL-21 ( Figure  6B ). In particular, the glycan of composition H3N4F1 (G0F) on IgG1 was vastly increased upon ATRA treatment, while no similar increase was observed for this glycan in the cellular glycosylation profile. Moreover, G2F (H5N4F1) and G2FS (H5N4F1S1) glycans which were decreased on IgG1 upon ATRA treatment were not affected by ATRA in the overall cellular glycosylation profiles ( Figure 6A & B) . Together, these data indicate that although soluble factors such as CpG, IL-21 and ATRA present during the activation and differentiation of B cells can significantly alter the Fc-linked glycosylation profiles of secreted IgG1, they do not significantly affect the overall cellular N-glycosylation patterns of ASCs.
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Long-lasting effect of IL-21 and ATRA on IgG1 glycan profiles Although most antibody-producing cells are short-lived plasma cells or plasma blasts in vivo, long-lived plasma cells are present in survival niches in the bone marrow and spleen and are capable of continuously secreting antibodies for a long period independent of antigens (50) . To analyse whether the effect of IL-21 and ATRA on the glycan profile of IgG1 is transient or more long-lasting, we collected cells on day 5 after the initial stimulation with anti-IgM, IL-2/10 and CD40L-transfected cells in the absence/presence of IL-21 or ATRA. The cells were washed extensively, and subsequently cultured in medium containing IL-2/10 with or without IL-21/ATRA for additional five days (no signals through BCR and CD40 were provided during this period). Since plasma cells, after their differentiation from naive/memory B-cells, stop dividing and die within days in in-vitro cultures (50), cells were not cultured for prolonged time-periods. Glycosylation profiles of IgG1 produced in the continued presence and absence of stimuli were analyzed and compared. As shown in Figure 7 , ASCs differentiated in the presence of IL-21 or ATRA during the first 5 days continuously produce IgG1 with the same altered Fc-glycosylation pattern in the next 5 days, even in the absence of IL-21/ATRA. Likewise, removing IL-21 or ATRA on day 5 does not significantly change the glycosylation profile of IgG1 as compared to IgG1 under continued IL-21 or ATRA stimulation, respectively. Together, these data indicate that the effect of IL-21 and ATRA on the glycoforms of IgG1 is not transient but rather stable, at least during the time frame analyzed. Figure 1 in the absence or presence of additional IL-21 or ATRA (indicated by IL-21 and ATRA before "/"). After 5 days, cells were collected, washed extensively and then cultured in medium with/without IL-21 or ATRA for an additional 5 days (indicated by M, IL-21 and ATRA after "/"). Supernatants were collected and glycan profiles of IgG1 were analyzed. Galactosylation (A), sialylation (B) and bisecting GlcNAc (C) levels are given after normalization (samples cultured continuously in medium for 10 days were set as 100%).
Discussion
It has been well documented that changes in IgG glycosylation profiles are associated with various physiological (i.e., age and/or pregnancy) and pathological conditions (i.e., patients with autoimmune diseases and/or tumors) (2, 4, 7, 8, (19) (20) (21) (22) (23) (24) (51) (52) (53) . In addition, we and others recently found that auto-antigen specific IgG exhibits a further different glycosylation pattern compared to that of total or irrelevant IgG in patients with autoimmune diseases, indicating that structural features of glycan moieties in the Fc portion of IgG are regulated in an antigen specific fashion (25) (26) (27) 54) . However, the nature of the stimuli received by B cells to modulate IgG glycosylation remains unknown. In this study, by using an in vitro B-cell culture system resembling the in vivo T-cell dependent antibody production from B cells, we show that treatment of B cells with IL-21 and CpG significantly increases IgG1 Fc-linked galactosylation and sialylation levels, while an opposite effect was observed after the addition of ATRA. Moreover, IL-21 and CpG reduce the incidence of IgG1 containing bisecting GlcNAc. Furthermore, it appears that these effects mediated by IL-21 and ATRA are stable for at least another 5 days and therefore the initial stimuli are not required to maintain the glycan profiles of secreted IgG1 once ASCs are generated (which have, in general, a limited life-span). Intriguingly, the changes in IgG1 Fc-glycosylation were not paralleled by similar changes of the expression levels of the corresponding glycans in the cellular glycan pool. Together, these data indicate that soluble microenvironmental factors present during the activation and differentiation of B cells into ASCs modulate the carbohydrate structures of secreted IgG1 without affecting the general cellular glycosylation machinery. Our study could, therefore, further our understandings on the regulation of IgG1 glycosylations at the cellular level under different conditions and could open up possibilities for the identification of pharmaceutical mediators that can modulate Fc-glycosylation and thereby "introduce" a desired function to harmful (auto-) antibodies.
For the production of antibodies against T-cell dependent antigens, activation and proliferation of B cells as well as their subsequent differentiation into ASCs are indispensable. Crosslinking of BCR by antigens and help from Th cells through CD40-CD40L interaction trigger the initial activation and proliferation of B cells, while soluble factors, secreted by Th cells or other cells/organisms further determine the outcome of antibody production, such as the amount and/or type (i.e., IgM, IgG 1-4 , IgA or IgE) of antibodies produced. Therefore, to study the factors capable of modulating IgG1 glycosylation during the above-mentioned process, we used an in vitro culture system to differentiate B cells into ASCs by anti-IgM (to crosslink cell surface IgM, which serves as BCR), CD40L-transfected cells and IL-2/10 (31) (32) (33) (34) (35) . In addition to this basic mix of stimuli (Figure 1 ), various reagents that have been previously reported to affect the biological function of B cells were included to investigate their effect on IgG1 Fc glycosylations as well (30, 35, (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . No significant changes in galactosylation were observed in the Fc portion of IgG1 purified from cultures exposed to TNF-, LT-, IL-4/6/17 and TGF- In contrast, exposure of B cells to IFN-, IL-21, CpG, and ATRA significantly altered the glycan moieties of secreted IgG1 (Figures 2-6) . Notably, TNF-, IL-4, IFN- and CpG could all function as a growth factor for human B cells (38, 39, 42, 44, 45) , while only the latter two affect IgG1 glycan profiles (Figures 3-5 & Supplementary Figure 1 ). These data demonstrate that not all factors known to modulate the outcome of B-cell responses have an impact on the Fc-coupled glycosylation of IgGs produced by B cells. Moreover, although IL-21 and ATRA both augment the differentiation of B cells towards ASCs and thereby increase the production of antibodies (30, 35, 47) , their effect on IgG1 galactosylation and sialylation is opposite (Figures 2-4 & Supplementary Figure 4 ). Together, these data indicate that the posttranslational modification of IgG1 sugar chains is a process independent of cell growth and antibody titers. Indeed, in further support of this notion, no correlation between the glycan profiles of IgG1 with cell proliferation or levels of IgG was observed ( Supplementary Figure 4) .
The observation that IL-21 and CpG have an opposite effect, compared to ATRA, on Fc-glycosylation of IgG1 is intriguing, as they all have been shown previously to enhance B-cell mediated immune responses. IL-21 plays a dominant role in inducing ASCs differentiation during T cell-dependent B cell responses (30, 35) . CpG, an innate immune trigger detected by TLR-9, enhances the activation, proliferation of naive B cells as well as their differentiation into ASCs (38, 39) . Likewise, ATRA not only enhances the antibody responses against T-cell dependent and independent antigens, but also locally stimulates IgA production in mucosal tissues (47, 55) . Given that reduced galactosylation/sialylation levels or the presence of an additional bisecting GlcNAc could lead to increased proinflammatory activity of IgG (7) (8) (9) (10) (11) (12) 16) , our data indicate that IgGs produced by ASCs in the presence of IL-21/CpG bear different effector functions as compared to those produced in the presence of ATRA (Figures 2-5 and Supplementary Figure 1) . Therefore, next to the regulation of the amount and type of antibodies, modulation of the carbohydrate structures of IgG may represent an additional and independent checkpoint to control the strength of humoral immune responses by some factors known to influence the outcome of B-cell responses.
Moreover, given the different sources of IL-21, CpG and ATRA (Th cells, bacterial DNA and food metabolites, respectively) and locations of their receptors (cell-surface expressed receptor for IL-21, TLR-9 in plasma membrane of cytosolic endosome and nuclear-located retinoic acid receptors, respectively) (38, 39, 55, 56) , our data also indicate that IgG1 glycan profiles can be regulated at the cellular level by factors from various origins that signal through different cellular organelles and by different pathways (Figures 2-5 & Supplementary Figure 1) .
Since glycosylation is an enzyme-mediated post-translational process, changes in glycan moieties are supposed to reflect altered enzyme expression levels and/or activities. Accordingly, it has been suggested that different subsets of plasma cells differently process IgG glycans, and therefore, altered glycan IgG profiles in patients could be attributable to a selective expansion of particular subsets of plasma cells with aberrant levels/activities of corresponding enzymes (57) . Our data are compatible with this notion as they suggest that microenvironmental factors present during the activation and differentiation of B cells are responsible for the generation of such different subsets of plasma cells (Figures 1-5 & Supplementary Figure 1 ). Moreover, in contrast to the significantly different glycosylation patterns of secreted IgG1, similar prevalences of the corresponding glycans in the cellular protein pool were obtained among different culture conditions ( Figure 6 and Supplementary Figures 2 & 3) . These data are intriguing as they suggest that environmental factors could modulate IgG1 glycan residues without significantly changing the global cellular glycosylation machinery. The mechanisms underlying the targeted structural changes of IgG1 Fc glycans could include: (I) a temporal separation in the production of cellular proteins and secreted IgG1 (with the synthesis of most cellular glycoproteins being accomplished during B-cell differentiation, whereas IgG1 being predominantly produced by the terminally differentiated plasma cells); and (II) a selective modulation of (co)factors that bring glycosyltransferases and IgG1 together in the Golgi apparatus by ATRA and IL-21. Established examples for factors determining the localization and activity of glycosyltransferases are the beta4GalNAcTB pilot (GABPI) which recruits the Drosophila melanogaster beta4GalNAcTB involved in glycosphingolipid synthesis to the Golgi apparatus (58) , and the molecular chaperone Cosmc regulating protein O-glycosylation (59) . Nonetheless, significant changes in individual cellular glycoproteins among different culture conditions could still occur due to the heterogeneity of the cell population (memory cells vs. ASCs) and proteins (constitutively vs. newly expressed) as well as to the possibly continuous turnover of the glycans. Accordingly, a detailed, differential glycoproteomics analysis of B-cells cultured under the various stimulation conditions will be required to identify these potentially regulated cellular glycoproteins. (G0F, B) or the percent of sialylated galactose residues on IgG1 purified from indicated cultures (D). E, comparison of the incidence of IgG1 with bisected GlcNAc among different cultures. Each dot represents an independent experiment with B cells isolated from different healthy individuals. The missing values indicate that corresponding conditions were not tested in these donors. * P < 0.05; ** P < 0.01; n.s., not significant. 
